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ABSTRACT:Parasitic reactions of electrolyte and palgsulith the Li-anode in
lithium sulfur (Li S) batteries lead to the formation of solid-electrolyte interphase
layers, which are the major reason behind severe capacity fading in these
Despite numerous studies, the evolution mechanism of the SEI layerarudespet
polysuldes and other electrolyte components are still unclear. We report an i
ray photoelectron spectroscopy (XPS) and chemical imaging analysis combin 3
initio molecular dynamics (AIMD) computational modeling to gain fundamental
understanding regarding the evolution of SEI layers on Li-anodes Bitheattdiies.

A multimodal approach involving AIMD modeling and in situ XPS characterization
uniquely reveals the chemical identity and distribution of active participants in parasit .
reactions as well as the SEI layer evolution mechanism. The SEI layer evolution hél Ty
three major stages: the formation of a primary composite mixture phase involving stajsl€ —
lithium compounds (43, LiF, LiO, etc.) and formation of a secondary matrix type
phase due to cross interaction between reaction products and electrolyte components,

which is followed by a highly dynamic monoanionic padyéug., Li§ fouling process. These new molecular-level insights
into the SEI layer evolution on Li-anodes are crucial for delineating strategies for the development & batteries.

INTRODUCTION hypothesized that polyslds reduce to insolubleS.iand

Li,S, species with subsequent SEI layer form&tom
@gdition to the polysules, highly reactive transient species
arising from decomposition of electrolyte components (such as
; solvents and counteranions) can also be part of parasitic

lithium-ion batteries (LIBS)° However, there are critical chemical reactions leading to subsequent SEI layer evolu-

challenges to overcome to realize the commercialization of gion*"* This parasitic chemistry involving many complex

S batteries (LSBs). One of the most demanding challengeé%cnons gnd transient molecules creates the chemlcally a_nd
e ectively protecting the ietal anode from parasitic topographically mhomogeneou_s SEI_ layer on the active Li-
reactions that cause insulating solid-electrolyte interph&@f0de surfaces. Such a sporadic fouling process can increase the
(SEI) layer formation, which seriously limits the capaciffftérfacial resistance fof lon di usion due to the thick
retention and life cycfed.Parasitic chemistry at the Li-metal 9€POSits of insulating and insoluble species on Lizamodes.
anode is typically a combination of redox, decompositio?{der to limit the complex parasitic reactions at Li-anodes and
substitution, and coordination reactions depending on th@pProve the performance of LSBs, it is important to unravel the
choice of electrochemistry and electrolyte materials. P®€chanisms of parasitic chemistry and subsequent SEI layer
example, in the L8 electrochemical system, the elementdPrmation. In pqrtlcglar, gaining a real time perspective (_)f the
sulfur cathode £5is reduced to b$ through multiple SEI Iayer_evoluuo_n is both cnuc_al_an(_j extremely chaIIenglng,as
intermediate lithium polysté species (iS; x  8) during many of its constituents and originating reactions are transient
the discharge procéskhe longer chain lithium polyslé ~ and highly air-sensitive in nafr&zew experimental
species (b$; X  6) are highly soluble in electrolyte solvents
and can duse to the Li-anode, causing complex redox and/dteceived: January 27, 2017
complexation reactions. Although molecular level details Fafvised: May 1, 2017
polysulde reactions with Li-metal are still unknown, it isPublished: May 3, 2017

The lithium sulfur (Li S) battery is a promising candidate for
next generation energy storage due to its high theoreti
specic capacity (1675 mA.H)gand up to 5-fold increase in
energy density (2567-Wkg' ) as compared to state-of-the-ar
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techniques are capable of probing the SEI layer formation, ¢
ab initio based computational modeling was recognized as
e cient and convenient tool for analyzing the SEI laye
formation’> *®

Despite the technical challenges in building in sitt
spectroscopic and microscopic capabilities for the analysis
LSBs, some erts were made in recent years to capture th
evolution and dynamic changes in the SEI layer during batt >
cycling*'? 2! Nevertheless, none of the spectroscopic studie\™ e ==
could capture the entire reaction suite and identify a
constituents associated with SEI layer formation in LSBs. F
example, element specspectroscopic techniques such as

nuclear magnetic resonance (NMR), electron paramagnefig,re 1.Schematic diagram of the XPS sample holder developed for
resonance (EPR), and X-ray absorption spectroscopy (XAsattery cycling and in situ XPS characterization.
were able to provide only a fractional view of complex parasitic

re?é:zt(lg(z)zn Sgg gy rln olnlt(t)rrllng mtgie _reactant_ zindrl]or_ prod- he anode and cathodelled with an electrolyte mixture such that it
ucts. >imiiarly, the in situ miCroscopic eCNNIQUES SUCH,,ars half of the electrode surfaces. The cell is fully charged and
as transmission X-r%mlcroscopy (FXW)and X-ray discharged at 2.2 V for two consecutive cycles only due to the limited
uorescence microscopyere employed to understand the availability of active sulfur material. All measurements are performed
spatial evolution of SEI layers but lack the critical chemieal the Li-electrolyte interfacial region at the end of each charge/
speciation. Despite various in situts, the gap in knowledge discharge cycle to avoid the charge-induced XPS peak shifts (see the
that would provide a comprehensive understanding of SEI la§epporting InformatipinThe graphite cathode is fully covered by
evolution at the Li-metal anode in LSBs regg:/lins and inhib:géf‘c')mg?fmdue to high surface wetting processes (Segjtieting
the design and formulation of optimal electrotyfesgain a op. . .
comprehensive and molecular-level view of the parasii&h> analysis was performed using a Kratos Axis Ultra DLD

i d b t SEI I uti hspectrometer, which consists of a high performance Al K
reactions and subsequen ayer evoiution, we &nochromatic X-ray source (1486.6 eV) and a high resolution

developed arst-of-its-kind in situ X-ray photoelectron pemispherical mirror analyzer. The X-ray source was operated at 150

spectroscopy (XPS) capability that can simultaneously prowgleand emitted photoelectrons were collected at the analyzer entrance

spatially resolved chemical imaging as well as chemigighormal to sample surface. The data acquisition was carried out in a

speciation through high resolution core-level spectroscopyhgbrid mode with an analysis area ofx7@00 m. The survey

critical elements. By combining in situ XPS results with abectra were recorded at a pass energy of 160 eV with 0.5 eV step size,
initio molecular dynamics (AIMD) computational modelingand high resolution spectra were recorded at a pass energy of 20 eV

molecular level insight is realized regarding the distinct roled¥8f step size of 0.1 eV. The pass energy of 20 eV inxfg0rden

transient species from parasitic reactions and the subseq@ﬁﬁb’s's area is referenced to the fwhm of 0.59 eV faj,A4 3d

SE| | lution duri i f LSB arge neutralizer with low energy electrons was used to exclude
ayer evolution auring cycling processes o S. surface chargingeets, and the binding energy of C 1s at 284.8 eV

was used as the charge reference. The elemental and chemical state

EXPERIMENTAL DETAILS maps were acquired using the imaging XPS capability in the Kratos
The high vapor pressures of elemental sulfuraif aprotic Axis Ultra system. The maps were collecteceid af view of 800
electrolyte solvents such as 1,3-dioxolane (DOL) and dimethoxyn with a spatial resolution @ m. The imaging XPS data were
ethane (DME) are the central challenge in developing in situ XPS fwllected under a pass energy of 160 eV at each peak and background
Li S batteries. To overcome this issue, we employed an ultrah@ghergy. The chamber pressure was maintaingdxal0 ° Torr
vacuum (UHV) compatible ionic liquid (IL), 1-butyl-1-methylpyrro-during all measurements. XPS data were analyzed using the CasaxXPS
lidinium bis(trioromethylsulfonyl)imide, i.e., [omffiFSI] , as a software assuming Gaussian/Lorentzian (30% Lorentzian) line shapes
cosolvent in the electrolyte. The [bmipjifFSI] ionic liquid used and utilizing Shirley background correction. All the XPS binding
in this study has been reported as a compatible electrolyt&for Lienergies reported here have an uncertainty0.@f eV. The
cells due to their high electrochemical stabifityvarious ionic background subtraction and imaging data processing were accom-
liquids have also been used as electrolytes and are electrochempadhed using the CasaXPS software to obtain the elemental and
stable in the voltage rang@.@ V) of Li S batterie$>’ A solution chemical state XPS maps presented here.
of 1 M LiS; dissolved in a DOL and DME solvent mixture is prepared Reaction energies for possible decomposition reactig8satf Li
as reported earfie(see theSupporting InformatipnSubsequently,  the Li-anode were calculated using Density Functional Theory (DFT)
20 wt % of the k% in DOL and DME solution is mixed with as implemented in the Gaussian 09 patkatiea hybrid functional
[bmpyr] [TFSI] and used as thaal electrolyte system for the in  B3PW91 and the 6-311+G(3df,p) basis set. The polarizable
situ study (see tHeupporting InformatipnApart from the vacuum  continuum model (PCNM was used for describing the DME
compatibility, the specichoice of [TFSI]counteranion containing solvation e=cts. After polysdle and salt decompositions take place,
IL is to ensure the electrolyte system represents the traditional L$everal SEI products are formed. The analyses of these complexes
TFSI salt widely used in the &ibattery studies. In addition, this (typically of the form: X-Li-species-Li-X) were performed on the basis
electrolyte solution resembles the typicab lhattery after the  of the resulting products after 20 ps of AIMD simulation of electrolyte
discharge cycle, where the lithium polsulLbS) species are  mixtures consisting of 1 M LiTFSI in DOL/DME in contact with a Li
expected to get dissolved in DOL/DME solvent. In this case, howeveretal surface as described in our previoué'stheyli-metal anode
the volatile sulfur cathode is replaced with graphite foil,&1d Li was modeled as a (100) Li crystallographic plane. In addition to the
dissolved in the electrolyte solvent mixture is used as a sulfur sourcsdityand solvent, the electrolyte also contained &% pblyisulde
initiating the redox process via the charging cycle. A schematic ofgpecies. Although the polydelused in these simulations is a longer
in situ XPS sample holder is showhidgmre 1 The Li-anode and  chain than that used in the experiments, it is expected to yield almost
graphite-cathode materials can be mounted onoa Bbase and the same nal SEI components by the end of the decomposition
subsequently connected with gold wires as an external electrralcess. The AIMD simulations were performed using the Vienna ab
contact line to the electrochemical analyzer. The reservoir in betwédsitio Simulation Package (VASHSY.All the AIMD calculations
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Figure 2.(a) Core level S 2p XPS spectra of the Li-electrolyte interfacial region with subsequent charge/discharge cycles. (b) Evolution of varic
sulfur based species over charge/discharge cycles based on atomic concentration derived from S 2p peak areas. (c) The ratio Hetween terminal
and bridging sulfur atomgXS;! ) along with the disude and suble ratio (3 /S! ) derived from S 2p peak areas. (d) Molecular structure of

lithium polysulde LpS; (top) and TFSI anion (bottom) with chemical labels used in the XPS analysis.

were based on DFT within the PerdBurke Ernzerhof generalized polysulde L%S( with x > 1) at 161.6 and 163.3 eV,
gradient approximation (GGA-P&RIthough the electron transfer respective >4 0On the basis of the evolution ofedént
rates may be sigoantly underestimated using semilocal generaliz%é]/_” de concentrationsijure B andTable S} during the

¥

gradient approximation functionals, the AIMD results provide go ; ;
insights into the decomposition pathways and adgiuin of cling process, we can analyze the pagsblittling process

products. The projector augmented wave (PAW) pseudopoteﬂ[,‘d subsequent parasitic rgaction with the Li—qnode, vyhich is
tiald5*® were used. The energy cuif the plane-wave basis Widely believed to be a major cause for capacity loss in LSBs
expansion was set to 400 eV. A NVT ensemble at 330 K was used Rakeries. Similarly, the S 2p peak ratio between the bridging
atime step of 1 fs and a Nose thermostat (see our previdugostudy and terminal sulfur, i.esYS;! of the polysutle species, can
more details). Finally, the electronic charges were calculated by ubiedised as a qualitative indicator of palgssibeciation (see

the Bader charge analy/si§. the Supporting Informatijn
Before cycling, the polysid components {5 and )
RESULTS AND DISCUSSION are about 22 at. % of total sulfur andg#8-$ ratio is about

In situ XPS and imaging XPS were carried out at the interfaciag in accordance with our starting electrolyte mixture, which is
region between Li metal anode and j&/lslectrolyte before ~ predominantly b (Figure d). After the rst charge cycle,

and after the charge/discharge process (s&pberting  the total amount of polysdé components increased 89
Informatiol. The high resolution S 2p core level XPS spectrat. % whereas the lithium del ($ ) concentration remains

of Li metal anode before cycling and after each chargenchanged (5 at. % of total sulfur). During the charging
discharge cycle are showfiifure 2 The S 2p spectra is a process, Lications move toward the Li-anode and engage in
doublet comprised of closely spaced syfiit components  the Li-plating process{ie  Li%. Such an electrochemi-

( E=1.16 eV; intensity ratio = 0.511) arising froyn &pd cally driven process includes thedtions, which are part of
2p,,. Each sulfur compound shows the characteristic doublghium polysulde species, and initiates the polgsul

and only the high intensity;2vill be discussed hereafter for shuttling process. A sigrEnt increase in polysig
simplicity (see theupporting InformatiprThe sulfone group  components after the charging cycle clearly indicates that the
(R SO R) of the TFSI anion is observed at 169 eV alongpolysulde shuttling process mainly depends on th& Li
with broad sutle peaks encompassing the 168 eV interaction strength relative to ddlvent and LiTFSI

binding energy reginfe” In addition, a low intensity peak at interactions. Such & ldriven shuttling process will lead to
167.2 eV representing sal(SQ? ) or thiosulfate (832 ) accumulation of polysdé species and starts the fouling
species is also obsenr7&d.Deconvolution of S 2p spectra process at the Li-anode, which is followed through increased
under the broad sdle region gave three unique componentsgoncentrations of polysig# components in the XPS spectra
namely, sutle dianion (5) of Li,S at 160.2 eV along with after a charge cycle. Interestingly gl 5 ratio increases to
terminal sulfur ¢ ) and bridging sulfur §8§ of lithium 3 indicating that the parentS;ipolysulde species evolves
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into other types of polysdé species during the fouling 5623 233% (1/4)S GEES  0.a7e @
process, which will be discussed later. _ _ _

During the discharge process, the Li-anode undergoes LiNevertheless, our recent AIMD simulations predicted that
stripping processes releasirigabid electrons, which can longer polysuile chains are reduced very rapidly near the Li-
reduce the accumulated |ong chain p(_ﬂwlto lithium anodel.l’“ Thus, it is very unllkely to detect formation of
sul de ($ ). Evidently, the lithium sde (S ) concentration ~ heutral gon the bare surface of the Li-metal electrode. Hence,
is nearly doubled (0 at. %) after thest discharge cycle and We carried out new DFT simulations to provide more insight
further increases to 15 at. % of the total sulfur concentratifio the possible decomposition of the precursgr The
during the second charge and discharge cycles. Thargigni calculated Gibbs free energy in DME solvent reveals two
increase in 2S concentration during the discharge cyclef0ssible reduction processes,
indicates that the longer chain polgssl accumulated at the : . . 298K
Li-anode are being reduced to insolukfieaid subsequently LiSs+ 2P Ly Li§ Ge 4.69¢eV (2)
become irreversible parts of the SEI layer duringsthe : . . 208K
discharge cycle.This LS formation covers the Li-anode LS+ WP L8 Us  GE 129 (3

surface and restricts furtherdmiFeduction during subsequent  Ouyr DFET results indicate that the reduction produciSyf Li
cycling processes as noted by the sifileor®entrations in g energetically favorallg @ but represents a’8;* ratio
the second charge and discharge cycles. Interestingly, the ggtal 5. Despite its favorable formation enerGy,j, the
amount of polysule components {5 and §°) increases  Li,S, formation requires a higher concentration  ofi.&i,
further to 50 at. % and eventually reaches a plateau valuep@%vamm access to Li-metaffaze) relative to the LiS

63 at. % during the second charge/discharge cycles ($&€nation process. This implies that, with restricted access to
Figure B). It is expected that the polydel will shuttle back  |j-metal, the reduction product of sLiuld be more
toward the cathode side during the discharge process base@@bable (seeqs 2and 3). Formation of LiS(SUS;t =
the Li ow direction. However, we observed continuoug) can account for the simultaneous increase of E®th Li
increases in polysué and L5 concentration at the Li-anode concentration ang™#s;* ratio ( 3.9) observed in the in situ
leading to loss of active materials (i.e., scarcity of gelysul XpsS results (s€égure 2). Such a reduction process can occur
solute in IL electrolyte) and subsequently causing cell failgethe terminal sulfur atom of the polgkilmolecule (i.e.,
and preventing further cycling studies. TuBg indicates  Si' to § ), which will result in a sigoant increase in the
that the fouling process is stip irreversible and the g%s;' ratio and 3 concentration, agreeing with our
polysulde is chemically interacting with the other componentshservations (séégure 2). However, the long-term stability
of the SEI layer. We postulate that various components of $fELiS molecule within the SEI layer still needs to be evaluated
layers can strongly interact with polgisukolutes in the further with other analytical techniques.
electrolyte and cause continuous fouling processes that ang addition to the polysale shuttling, the SEI layer
supported by the increase in polgeutoncentration during formation would also depend on the TFSI anion decom-
the cycling process (segure B). This observation is in position process. The decomposition of TFSI anion can be
agreement with a previous AIMD analysis, which predicted #ighultaneously monitored by the evolution of sulfone and
clustering of polysudle chains near the$ilayer as part of SEI sulte peaks observed in the higher binding energy regime
formation." Nevertheless, the cluster formation is favored fqe166 eV) in the S 2p spectra (Serure 2). Before cycling,
lower order polysule chains (kS withx < 6), which would  the sulfone peak from TFSI species represgditat. % of
require lowergdS;* ratios ( 2).>°In addition, recent reports  total sulfur concentration on the Li-anode. During réte
suggest the formation of insolublsS,Lirom polysulde charge and discharge cycles, the amount of sulfone species
reduction processes at the Li-aib@lee observed increase in drops to 53 and 27 at. %, respectively. Subsequently, after the
terminal polysule (S§* ) peak intensity with cycling initially second charge and discharge cycles, it drops to about 20 at. %,
seems to support the presence,8f &pecies within the SEI relative to sutle and polysude concentrations (s€@ure
layer (see~igure B). However, any such,%i formation 2c). Such a sigmiant drop in the pristine TFSI anion
should signcantly decrease the/S;* and $/S;* ratios.  concentration on the Li-at® indicates two possible
Conversely, we observed that these ratios increase with change¢hanisms: (a) a set of redox reactions altering the sulfone
discharge cycles ($&gure ), which strongly suggests that group as part of TFSI decomposition; (b) displacement of

Li,S, is not the dominant sdle phase in the SEI layer. some TFSI molecules by polydilspecies at the Li-anode
Interestingly, the;®S;! ratio of 4 is even higher than the surface due to the SEI layer formation process within the XPS
possible longer polysig chain (i.e., 4% for which §/S+! analysis volume. Recently, Cui and co-workers suggested that

ratio is 3). Therefore, an increasg¥$s * ratio could result  the sulfone group of TFSI anion can undergo oxidation
from two possible scenarios: (a) the relative concentration mbcesses at the Li-anode and produce $6iQ° ) and
terminal sulfur within the polyslé decreasing possibly due to sulfate (S¢ ) species based on XPS anaR/diswever, they
parasitic redox reactions; (b) the presence of a new form difl not considered the sulfur sgirbit based doublet in their
sulfur species which has the same binding en&égyy(eV) peak deconvolution, and the reported($@pecies peak

and overlaps with thg®@eak. Our previous studies of sulfur( 170 eV) falls within the S;2pcomponent of the sulfone
cathode materials have revealed that both pristine elemengtalup of a pristine TFSI molecule. Our results do not show the
sulfur (§ and carbon bonded sulfur (with ® bonds) can  presence of any sulfate but only thaes($Q? ) species,

also register S 2p peaks at the same binding er886(  which shows minimal changes during the cycling protess (
eV) as of the bridging sulfurgjSof the polysuldes: at. %) and fails to account for the sigmit drop in pristine
Theoretical studies have predicted the formation of element&S| concentration (séégure 2). Decomposition of the
sulfur () as a product of dissociation of polgeuanions  sulfone group and formation 0§SJ®, and LjSO; were

(see Li S batteries); via the reaction proposed in the literature, and this mechanism can explain the
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Figure 3.(a) Core level O 1s XPS spectra of the Li-electrolyte interfacial region with subsequent charge/discharge cycles. (b) Core level F 1s X
spectra of Li-electrolyte interfacial region with charge/discharge cycles. (c) Evolutionunfriveribased species over charge/discharge cycles
based on atomic concentration derived from respective F 1s peak areas. (d) Tinaridarioased species from TFSI decomposition predicted

from AIMD calculations along with their respective electronic charges.

low intensity sule peak (10 at. %) observed al67 eV clustering process will be further jedtia posteriori below
during the cycling procé8s’ The other possibility would be using other elemental analysis.

the reduction of the sulfone group of the TFSI molecule to The TFSI anion decomposition process at the Li-anode can
sulfur (8), which will fall in the sule regime of the XPS be followed through O 1s and F 1s spectra for deeper
spectra and thereby increase ghedBcentration as observed understanding of the SEI layer formation. The O 1s spectra is
in a higher &/S;! ratio. However, unless the sulfone group oflominated by a broad peak centered around 532 eV, which can
a TFSI anion undergoes multielectron reduction (ffolm S be assigned to © bonds within DOL/DME (electrolyte

) at the Li-metal anode, the decomposed products aselvents) as well as lithium carbonate (Li-metal surface
expected to be at higher binding energy (>166 eV) similar tmpurity) owing to their small chemical shigrdnces (see

the sulte/thiosulfate or sulfone regions. Since multielectroffigure a)°%°° Deconvolution of the broad O 1s spectra
reduction is less likely, we do not expect acsighincrease in  revealed shoulder peaks%22.6 and 530.6 eV indicating the

< due to this mechanism. The second scenario would 82O bonds (sulfone and sia)) and lithium hydroxide (Li-
displacement of TFSI anions by the polystibuling process metal surface impurity), respectiVefere is no sigriant
discussed earlier. Typically, the TFSI anion can interact wiiange in the concentration of these oxygen species during the
the counterion from the IL (i.e., [ompyrLi-anode, and 'Li cycling process. We also observe a low inter®ibt. (%)

from the polysutle species. During the cycling process, wpeak at 528.5 eV with the cycling process indicating lithium
observed that the polysié reduces to insolublgS,iwhich oxide (LjO) formation at the Li-anode as a result of TFSI
can grow as a passivatingon the Li-anode surfacé: Such decomposition. Although, the decomposition of the sulfone
a LiS passivation layer can inhibit theTIFSI interactions  group can cause,@iformatiorf;' the presence of carbonate

and enhance the [bmpyrTFSI ion pairing. However, it and hydroxide native impurities at the Li-anode surface (see
should be noted that the%.ipassivation layer is unlikely to be Figure Syican also lead to lithium oxide. The main product of
uniform and the TFSI anion will compete for interactions witiFSI decomposition would be lithiwmoride (Lingformation

the exposed Li-anode surfaces (vide infra) and cause the T8I C F bond breaking at the Li-an8deSuch a
decomposition process. The TESI anion decomposition isdacomposition process can be analyzed through F 1s spectra
cascade process with many transient species including sulfeaeFigure B). The F 1s spectra show a dominant TFSI anion
and uoride groups, which can subsequently interact witeak (CE) at 688.8 eV along with a low intensityFlielated

lithium polysulde molecules and the Li-ant/dEhis process  species peak around 68?%’%‘?0 The Li F related species
supports our previous discussion regarding the pelysul formation even before the cycling process demonstrates the
species interacting with other components of the SEI layer andtability of TFSI anions on the Li-metal anode. The
causing continuous fouling processes on the Li-anode. Toimcentration of LF species is about 11 at. % of total
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Figure 4XPS chemical imaging of the Li-electrolyte interfacial region aftecferging cycle and (¥t discharging cycle. ThefEispecies

from F 1s spectra andlysulde species from S 2p spectra are represented as yellow and red regions, respectively. The black region represel
the overlapping regions of Eiand &olysulde species. (c) Schematic representation of vaddne based LF species predicted from AIMD
calculations. (d) Cartoon representation of SEI layer growth mechanism based on the combined XPS and computational results (see text for det

uorine before cycling and increases to 15 at. % following thated that the GF remaining intact after the € bond

rst charging cycle (s@able Sp During the subsequent cleavage during TFSI decomposition has a longer life span and
discharge cycle, the amount of thi§ lhased species more is more likely to represent the shoulder peak observed under
than doubles to33 at. % (seEigure 8). Such a substantial cycling conditioris.Similarly, the lower binding energ§a5
increase in the amount of Ei species must correlate to eV) peak represents various species involvikgidhiic
accelerated decomposition of the TFSI anion during tHeonding, such as E S, F Li O, and the traditional LiF
discharge process. This peal68b eV in the F 1s spectra is phase. At the end of the initial charge cycle, thesgzcies
widely reported as evidence of LiF form&tiéhin addition, remains at very low concentratioth &t. %) relative to total

a new shoulder peak687.5 eV) arises near the parent CF uorine concentration but increases to 9 at. % following the
peak following the charge/discharge process, which is tradst discharge cycle. This suggests further decomposition of
tionally assigned to € intermediate species as part of TFSITFSI anion at the fully discharged state, which is typically
decompositioft:>> However, such a simpli peak assign- initiated by CS bond cleavage and subsequent breaking of the
ment can hinder deeper understanding of the SEI lay€i; bond to C F and F species and the formation ofHLi
evolution. To clearly identify the possibleride species related speciésThe decomposition of TFSI anion continued
within the SEI layer, we analyzed various components of Tk8ting the second charging cycle resulting in 33% and 11%
decomposition products predicted by our previous AlMIhcreases in LF and C F species, respectively, relative to the
simulatiorfs (seeFigures S557. Since the charge state of an fully discharged anode. However, both &hd C F species
atomic site dictates the binding energy of XPS spectra, wached a plateau after the second discharge cycle, which
analyzed the average electronic charges of the F atom rismembles the saturation of the polysidibuling process (see
various decomposition products and releuvarnile atomic  Figure B). A similar trend observed for both TFSI
arrangements along with their average charge as showrddnomposition and the polydel fouling process in the SEI
Figure d@. These uorine containing species generally fall ilayer evolution supports our previous deduction that the
two categories based on the charge at the F atonrsfThe polysulde molecules interact with various components of the
category isuorine directly bonding to Li where the F atom SEI layer including the TFSI decomposition products. Our
takes the highest negative charge (ionic bonding), and theevious in situ NMR and AIMD computational analysis have
second isuorine directly bonding with C atoms in which aunveiled the presence of delbased transient radicals and
much lower negative charge is observed (covalent bondimghactive uoride anions at the Li-anode participating in the SEI
The F C S bond (when part of an otherwise pristine TFSllayer formation proce§8! During the cycling process, the
molecule) holds the lowest charg@§1 eV) and is expected redox based parasitic reactions can cause highly reactive
produce a signal at high binding energy (688.8 eV) in the F ttansient species (such asdsutadicals andioride anions)
spectra. The G- bonding interaction, which may correspondthat can initiate clustering of nearby electrolyte components
to the dierent intermediates (radical and anions) formedhrough polymerization and subsequently leads to precipita-
during the TFSI decomposition such as CF, a0 CE; tion-induced SEI layer formation on the Li-atiodéhough

holds slightly elevated charge.§7 eV) at the F atom and is the high resolution in situ XPS analysis revealed the evolution
observed as a shoulder peal6@8 eV. However, it should be of polysulde and LiF species as the major components, the
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growth mechanism of SEI layer formation is still elusive, maidlyuse boundaries between the varioudesalind uoride
due to extreme complexity involving parasitic reaction rate, hésed regimes (segure d). The simultaneous multiphase
anode surface chemistry, and the concentration gradientaofl continuous phase SEI layer formation can be explained by
solutes. In particular, the concentration gradient of solutestla¢ StranskiKrastanov (SK) growth model developed for thin
the interfacial regime can dictate the composition of the clustém nucleation proces§é€n the basis of this growth model,
and subsequent SEI layer nucleation and growth phetfomenthe SEI layer formation can be viewed as a two-step process
We also employed XPS spectromicroscopy to analyze thieere (a) the products of parasitic reactions at the Li-anode
underlying growth mechanism of the SEI layer, which canrface result in multiphase layers (sucjSatid, and LiF)
provide realistic views of concentration gradients in the spa#iatl (b) clustering of transient species from parasitic reactions,
domairf®® Figure 4shows a two-dimensional chemicalby strongly interacting with the electrolyte and other SEI
imaging performed at the same spot on the Li-anode af@ymponents, leads to a matrix type precipitation. During the
the rst charge/discharge process (see Stheporting evolution of therst step, the parasitic products need to be
Informatio). The interfacial region (800 800 m) is adjacent to the Li-anode surface to gain expedited access to
scanned at 685 eV (F 1s; Eispecies) and 163.3 eV (S 2p; preferably unbound*Lions that can facilitate an extended
S% binding energies to monitor the TFSI anion andnetwork of LiS and LiF solid multiphase layers. For example,
polysulde gradient with a spatial resolution of abom.5  clustering of polysudle as part of the shuttling process on the
The contour mapping of chemical imaging clearly shows thieanode can cause the nucleation,8fdliases by accessing
clustering of reactive solutes, polysu(blue) and LiF the Li stripping process during discharge cycles. With growth to
related species (red), within the top layers of the anodecritical thickness, this insoluble multiphase layer can signi
electrolyte interfacial region, which can subsequently precipitetly inhibit the access to unbouhdrain the Li-anode and
as an SEl layeFifjure 4,b). Since the XPS imaging is typicallythereby activate the second stage of the SEI layer growth. With
dominated by the concentration gradient of the top layer («®stricted access to the Li-metal surface and scarcity of unbound
nm) within the interfacial regime, the delimited whiteli* ions, the parasitic reaction products will react with each
background represents SEI layers adjacent to the Li-anodiker as well as with adjacent electrolyte components to initiate
surface with relatively lower concentration of pdiysand nucleation directly on the multiphase layer and produce a
LiF. It should be noted that the discharge cycle has a higteatrix type phase with ased boundaries. In particular, the
concentration of polysde and Li F species than that during restricted access to Li-metal can cause partial gelysul
the charge cycle. The rise in polgsutoncentration after the reduction processe&q( J leading to a monoanionic
discharge cycle simply eets the expected polysiel  polysulde (LiS) as a major component of the secondary
shuttling toward the Li-anode. Such clustering of padysul layer that results in a higi/S;* ratio (' 3). This secondary
at the interfacial region can facilita® fiiecipitation as a SEI SEI layer mainly consists of aggregated pdégsiand
layer due to possible reduction reactionse(ge@and 3). oligomeric reactive products and is comparable to the organic
Similarly, the clustering of Eispecies can cause precipitationphase layer comprised of polymerized solvents reported in
of lithium uoride (LiF) phases within the SEI layer. Thelithium-ion batteri¢s”%°® Nevertheless, the majoredence
presence of well separated clusters of piéyghlue) and s that it involves polysdés as a main component and also
Li F (red) represents the nucleation seeds ®rahid LiF  Serves as absorbent layer for the shuttling mgswhich
phases and evolves as a dominant part of SEI layer evoluti@®ds to an exponential increase in palgsuafter therst
Intriguingly, the total LF species increases along withcharge/discharge cycle in high resolution in situ XPS (see
polysulde from the shuttling process during the dischargeigure B). In addition, the adsorbed polydes can undergo
cycle, indicating that the &nion from TFSI decomposition association and disproportionation reactions causing oligomeric
interacts with lithium polysde (seeFigure.d). The aggregates on top of the SEI layer, which are evident from the
overlapped signal (black) in the imaging map indicatesClistering of polysdles detected via in situ imaging XPS
possible cross-interaction betweenafion and lithium  analysis (séggure 8).° Unlike the primary multiphase layer
polysuldes. This corroborates our a priori assumption tha&ontaining inorganic solid phases, the constituents of the
the reactive transient species involving pdiysarid uoride ~ second stage matrix type layer could be relatively soluble and
anion can chemically interact and initiate clustering wittence subsequent polydelfouling will be a dynamic process
various electrolyte components. For example, AIMD compugipending on electrolyte composition and cycling current rate.
tional results predicted multiple types df kpecies involving N short, the oligomeric aggregation of podiesibn the SEI
various electrolyte components (5egire ¢ and the  layer entraps the active material on the Li-anode and manifests
Supporting Informatiprwhich could also be part of clustering as the severe capacity fading that is widely reported irSthe Li
phenomena that can initiate the precipitation as part of the JEattery literature. To this end, our study suggestsetiate
layer. Li-metal protection requires careful design of protective
Combining high resolution XPS and chemical imagingfaolds, which not only prevent the inorganic multiphase
analysis with AIMD computational modeling results, we c&imary layer but also inhibit the polyBufouling process.
begin unravelling the SEI layer growth mechanism. The SEI
layer is commonly viewed as a multiphase material with CONCLUSIONS
chemically distinctive phases (such as L%, O, and In summary, in situ XPS and computational modeling studies
Li,CO;) separated by well-ded boundaries (seeFigure were carried out on a model&ibattery system to understand
4c). In fact, clearly distinguishable clustering of paéysul the growth mechanism of the SEI layer on the Li-anode. The
(blue) and LiF (red) species supports this multiphaseXPS core level spectra of S 2p showed a gradual increase of
structural view of the SEI layer. However, cighiover-  sul de dianion (5) indicating the formation of insoluble and
lapping of polysue and LiF regions (black) reveals the electronically insulating,%idue to polysude reduction
presence of a matrix type SEI layer with continuous phases pratesses. Similarly, the F 1s spectra showed cargigni
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increase in LIiF and CF species with a decrease ig CF National Laboratory (PNNL). The IS battery materials and
(associated with pristine TFSI anion) indicating its deconmeasurements were funded through the Joint Center for
position in the proximity of the Li-anode. Evolution of bottEnergy Storage Research (JCESR) sponsored by Department
Li,S and Li F species with cycling causes the precipitation of Energy Basic Energy Science (DOE-BES) program. The in
an inorganic multiphase layer as the primary SEI componensiti XPS characterization was carried out in the Environmental
simultaneous exponential increase of pdiysplecies {8nd Molecular Sciences Laboratory (EMSL), a DOEe Oof

S' ) suggests a continuous fouling process on the Li-ano8eience User Facility sponsored by thee ©f Biological and
during both charge and discharge cycles. Theghi§t S Environmental Research and located at PNNL. L.E.C.-F. and
ratio (>3) observed for the polysigl species involved in this P.B.B. acknowledg@ancial support from the Assistant
fouling process indicates tformation of monoanionic Secretary for Energy &ency and Renewable EnergyceD
polysulde (i.e., Li§ due to restricted access to Li-metal of Vehicle Technologies of the U.S. Department of Energy
during the sutle reduction process. With access to the Liunder Contract No. DE-EE0006832 under the Advanced
metal surface becoming restricted, the parasitic react®attery Materials Research (BMR) Program. Supercomputer
products (uoride and sulle anions) will engage in cross- resources from Texas A&M University High Performance
interaction with adjacent electrolyte components and nucle&temputer Center and Texas Advanced Computing Center
into a secondary matrix type SEI layer, which is visualized B&CC) are gratefully acknowledged. V.M. and P.B.B. thank
clustering in XPS imaging and supported by AIMD analysidr. Nav Nidhi Rajput, LBNL, for fruitful discussions regarding
The continuous increase in polyRiktoncentration at the Li- computational modeling results.
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